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INTRODICTION
The energy system consists of an integrated set of technical and eco-
nomic activities operating within a complex societal framework. Energy is
a vital component in the economic and social well-being of a nation and
must be considered exp'iti;y t-i the formulation of regional, national, and
international policy. As the importance of energy in policy making has
becomne apparent, research and analysis in the field of energy system model-
ing and forecasting has grown rapidly. The field has evolved from one almost
exclusively the domain of planning groups in the major sectors of the energy
industry and of government regulatory agencies to one in which many Federal
and State agencies are active in the development and application of energy
models and forecasts.. Energy system models are now used extensively for
regional, national and interrational forecasting and for policy formulation
and analysis.
Energy system models are formulated using theoretical and analytical
methods from several disciplines, including engineering, economics, opera-
tions research, and mnacement- science. Techniques of applied n3mathematics
and statistics used to implement these models include mathematical program-
ming, especially linear prcgramning, econo;;.etrics and related methods of
statistical analysis, and network analysis.
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The purpose of this review is to provide an introduction to the scope,
applications, methodology, and content of energy system models, particularly
those developed and used in the U.S. In the following sections e discuss
the purpose, scope, and applications of energy system models. The impor-
tant methodologies used to implement these models are surveyed, a classifi-
cation of models is provided, and representative models are reviewed. Thle
review; is not intended to be exhaustive, nor to provide a comparative evalu-
ation of models designed for similar purposes. Rather, the models reviewed
are intended to be illustrative of the structure of recent and current
efforts by energy system modelers to provide useful and constructive analy-
tical tools for understanding and solving energy planning and policy problems.
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SCOPE OF ENERGY SYSTEM MODELS
The concept of a model usually evokes an image of a complex, computer-
ized system of mathematical equations providing detailed information con-
cerning the operation of the process being modeled. In fact, models may
be simple or complex depending upon the purposes for which the model is
intended. Simple, judgmental models may be most appropriate when monitor-
ing the overall performance of a process. When more detailed information
about the process is required and/or when the model is used for planning
of complex decision steps, such as the choice of an optimal generation mix
for an electric utility, then more complicated models employing theoreti-
cal specifications from relevant disciplines and techniques of applied
mathemlatics will be appropriate. The choice of theoretical structure
and of implementation methods, and the level of detail required to satisfy
the purpose for which the model is being designed, represent the art,
as distinct from the science, of modeling. The first order of business in
evaluating any model is to determine the appropriateness of the detail,
theory, and implementation methods given the pulrposes for which the model
was designed.
In addition the theoretical structure and the inplementation methods,
energy syst-em models nmay be characterized in terms of the level of detail
and number of processes an activit'ies modeled, whether the model is intended
prima.-ily for predictive or normative purposes, the appropriate geographical
detail, and the treatment of uncertainty.
The scope of energy system modeling ranges from engineering models cf
energy conversion processes (e.g., nuc.ear reactors) or components of such
processes to conprehensi.e sy-temn models of tie nration's econoCmy ill hich
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the energy system is identified as a sector. While engineering or physical
models of conversion processes, ecosystems, etc., are energy-related, they
are not included in this review. The models or forecasts that are included
are best characterized in terms of coverage of different fuel supplies and
demand and by the methodology employed. In these terms, the scope of the
models reviecwed includes those addressing the supply and/or demand for
specific energy forms such as ntural gas and electricity, analysis of
interfuel substitution and competition in a more complete energy system
framesw.ork, and analysis of the interrelationships between energy, the econ-
omy, and the environment.
Energy systems are employed for both normative or descriptive analysis
and predictive purposes. In normative analysis the primary objective is to
measure the impact on the system of changing some element or process that
is an exogenous, or independent, event in the model. Predictive models are
used to forecast energy supply and/or demand and attendant effects over a
particular time horizon. Miost models have both normative and predictive
capability and a partition of models into these classes can b misleading.
Whenever such a classification is used here, it is intended only to identify
the primary objective of the model.
Geograpiiical detail appropriate for a given dil will deDer ain
uporl the purposes for which the mondel is desig-ned. A model of energy flo;,
in a particular production process ill be specific withl respect to the
plants in w\vhich that process operates. Such a model has no geographical
dimiension On t other 1a', a rc-c-l o utiliy electicit distri- butin-
will hav'e a very explicit regional dimension, defined b.' the marklet area f
the utilities b ein r, .c- . %i
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Treatment of uncertainty in a model is an important discriminating
characteristic, and is closely related to the implementation methods chosen.
Uncertainty may arise because certain elements of the process to be modeled
are characterized by randomness, because the process is measured with uncer-
tainty, or because certain variables used as inputs to the model may them-
selves be forecasted with uncertainty. The methods by which these problems
are dealt with are important in evaluating the predictive capability and
in alidating the model. The validation of normative models is quite
different from that of predictive models. Since normative models deal with
how the energy system should develop, given some objective, the issues of
validation deal more with the representation of the structure of the energy
system and the accuracy of input parameters. For predictive models, vali-
dation includes both evaluation of tile model's logical structure and pre-
dictive power. Three levels of predictive capability may be identified.
First, there is the ability to predict the direction of a response to some
perturbing factor, e.g., a decrease in GNP in response to a fuel supply
curtailment. A second level of capability involves the ability to predict
the relative magnitude of a response to alternative policy action or per-
turbing factors, and the third level involves the prediction of the absolute
magnitude of the response to a perturbing factor. Validation against the
requirement of the first two levels is a minimum requirement and a model my
be quite useful even if it cannot be validated at the third level. At both
the second and third level, validation is usually of a conditional form and
restrictions on the perturbing factors and their range of- availability lst
be specified. Perturbing even-ts, such as acts of God, outside the scope of
the model must, of course, be corrected for in evaluatin g predictive capa-
bii i ty .
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APPLICATION OF ENERGY SYSTEM MODELS
Energy system models are developed and applied in a wide variety of
energy planning and policy making activities. Before reviewing specific
models it is useful to classify the types of planning functions, and the
requirements imposed upon models if they are to be useful in supporting
these planning activities.
Ayres (1) provides a useful classification of modes and levels of
planning. He defines three levels of planning, including policy planning,
strategic planning, and tactical or operational planning. Policy planning
involves the formulation of goals or objectives and may be done with little
regard to technology so long as technical factors do not constrain the
selection among alternative goals. Strategic planning concentrates on the
development of a set of alternative paths to the desired goals and generally
includes the establishment of criteria by which alternative strategies may
be evaluated and ranked. Lastly, tactical planning deals with the deter-
mination of the steps necessary to implement a particular strategy.
Energy system models provide support at all three planning levels for
regulatory agencies, and for industrial planning, planning, managetmeent and
evaluation of reearch and developmient progran;ms, and for national energy
policy and strategy planning. The ojectives of these planning activities
and the requirements t-eby iriposed upon the models a.re discussed below.
Regul atoryV Plannina
State and Federal regulatory agencies are engaged in both operational
and strategic planning involving issues related to tilhe regulation of natural
monopolies, e.g., electric utilities and gas pipelines, the siting of energy
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facilities, and public safety. Typically, forecasts of such variables as
demand for the regulated product are required for a 5 to 20 year time hori-
zon corresponding to the life of the facility as a basis of justification
of the need for expansion of capacity and new facilities. With the current
interest in rate structure modification as a potential means of controlling
energy demand, the role of forecasting models that include price effects
will become increasingly important. This feature is also important in the
prediction of the response on the supply side to higher prices. For example,
the regulation of natural gas prices is now an important energy strategy
issue and has stimulated considerable activity on price dependent supply and
demand models for this resource (2).
State regulatory agencies have primary responsibility in the siting of
new energy facilities. Although forecasting or predictive models are
employed to analyze the need for capacity expansion, the siting problem also
requires analysis of a normative or descriptive nature. Analytical models
have been developed and applied to the problem of optimal plant location,
although location is frequently constrained by political and other factors,
and to evaluate the effect of a given plant on the air and water quality
and eccgoy at a proposed site. The latter question involves both physical
models of the ecosystem and energy-econpmic models that permit quantifi-
cation of the trade-offs among the Sany attributes of a particular site.
Industrial Planning
The primary planning activity in the energy industries is at the tacti-
cal level and involves the scheduling of production levels and the routing
of energy products. Petroleum companies in particular are faced Fwith a
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complex transportation problem involving many supply and demand centers with
associated storage facilities. Most companies use large optimization models
to assist in solving the scheduling and routing problem and to optimize
production scheduling.
The energy industry is also active in developing models for forecast-
ing future demand for products and in planning for and siting new facilities.
In these areas their energy modeling activity is similar to that outlined
for the regulatory agencies. These forecasting and analysis activities are
of great importance to the industries in view of the crucial role that they
plan in the future development of individual companies.
Research and Development Planning
Industry and the Federal Government are deeply involved in planning,
managing and evaluating energy research and development. Industry sponsored
R&D is generally directed tovward near-term applications in response to cor-
porate goals and objectives. The energy R&D sponsored by the Federal Govern-
ment, on the other hand, is much longer 'range and involves quite advanced
and innovative technologies such as fusion, solar cnergy, and breeder reac-
tors. The formulation of enerl-y R&D policy at the Federal level requires
a broad assessment of the techniical, ecgnomic, and environmeintal caracter-
istics of new technologies and of their potential role in the energy system.
Forecasts of energy demand and of supplies of energy from established tech-
nologies are required with longer time horizons than is necessary for siting
and regulatory policy. in addition to long-range forecasting mnodels, ana-
lytical, or normative, mlodels are required to estimate implementation
rates and the cmpetiti eness of newl technolocqies W.ith existing ones, a nd
sophisticated mranagei,,nt meth ds are employed to manage and ealuate the pro-
grams.
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Strategic and Policy Planning
The formulation of an integrated national energy policy is currently
in progress and is supported by a comprehensive modeling and forecasting
activity. The nation's energy policy is closely interrelated with economic
and social policy and with international developments. Questions of eco-
nomic growth, balance of trade, and protection of the environment must be
considered in a balanced way and complex trade-offs must be made among
these and other national objectives. Once formulated and adopted, a national
energy policy must be adaptive and must evolve as conditions and objectives
change.
The Project Independence study performed by the Federal Energy Adminis-
tration involved the development and application of a large-scale forecast-
ing energy model (3). Similar policy-oriented studies are in progress at many
research centers, with associated modeling research efforts. These model-
ing and associated data development efforts involve the integration of energy
system models with macroeconomic and environmental models in an effort to
measure and evaluate the important interactions between economic growth,
societal goals as reflected in environmental policies, and national goals
of cergy independence, and future energy mlarkct conditions.
-10-
METHODOLOGIES
Energy system models are formulated and implemented using the theory
and analytical methods of several disciplines including engineering, econo-
mics, operations research, and management science. Models based primarily
upon economic theory tend to emphasize behavioral characteristics of deci-
sions to produce and/or utilize energy, while models derived from engineer-
ing concepts tend to emphasize the technical aspects of these processes.
Behavioral models are usually oriented toward forecasting uses while the
process models tend to be normative. Recent modeling efforts, such as the
FEA Project Independence model, evidence a trend toward cormbining the behav-
ioral and process approaches to energy modeling in order to provide a more
comprehensive framework within which to forecast the condition of future
energy markets under alternative assumptions concerning emergence of new
production, conversion and utilization technologies. In part this trend
is the result of recognizing that formulating and evaluating alternative
national energy policies and strategies requires an explicit recognition
of technical constraints.
Methods for implementing energy odels include mathematical programming,
especially linear programr;iing, activity analysis, econometrics and related
methods of statistical analysis. Process models are usually implemented using
the progral;,iing techniques and/or methods of network and activity analysis,
while the behavioral models use statistical methods. The remainder of this
section provides an introduction to these techniques and is intended to pro-
vride background information for the review of specific models presented in
the next section.
athematical prograi,,mming has been used in energy system mnodeling to
capture the technical or enginceering details of specific energy supply and
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utilizing processes in a framework that is rich in economic interpretation.
In mathematical programming a series of activity variables are defined repre-
senting the levels of activity in specific processes. These are arranged
in a series of simultaneous equations representing, for example, demand
requirements, supply constraints, and any other special relationships that
must be defined to represent technical reality or other physical constraints
that must be satisfied. An objective function to be minimized or maximized
must be specified, usually cost, revenue, or profit, and there are niany
algorithms available to solve very large programs (up to the order of
10,000 variables). The methodology of linear and nonlinear programming is
described by Dantzig (4) and Wagner (5) along with numerous practical appli-
cations.
The linear programming technique has been used far more than other
mathematical programming methods because of the ability to solve large
problems very efficiently. Nonlinear relationships may be captured in such
models by using piecewise linear or step function approximations. Non-
linear and dynamic programming techniques are also used for special pur-
poses.
The mathematical programmi'ng methodol ogy has especially interesting
and useful economic interpretations. Associated with any linear programming
problem formulated in quantities is a dual problem in terms of prices. The
solution to the quantity optimization problem yields both the optimal acti-
vity levels in physical tenns and the prices that reflect tile proper valua-
tion of physical inputs to the real process represented by the model , pro-
viding important informat'ion concerning the economic interpretation of the
solution. Thus, the linear programining technique provides a natural link
between process and economnic analysis.
Mathematical programming models, and related optimization techniques
such as calculus of variations and LaGrange multipliers, are generally classi-
fied as normative techniques since they presume the existence of an overall
objective such as cost minimization or profit maximization. It is possible
to reflect multi-objective criteria as some weighted combination of object-
ives and, indeed, some objectives such as environmental control can he
expressed through special constraint equations in the model. Nevertheless,
the validity of this technique as a predictive tool depends on the ability
to capture and represent the objectives of the players in various sectors
of the energy system and in those sectors of the economy and society that
affect the energy sectors. The technique is normative in that it deter-
mines optimal strategies to achieve a specified objective given a set of
constraints.
Interindustry techniques are frequently employed in energy modeling,
primarily for descriptive purposes. 1/ Primary data for constructing inter-
industry sale and purchase accounts are collected by the government on the
transactions between various sectors of the economy (agriculture, ferrous
metals, electricity, oil, retail trade, etc.). These data are expressed in
terms of a common unit, dollars, and are available for all census years for
the period 1947 through 1967 (6).
The input-output approach has been adapted to energy studies by convert-
ing the inputs from the energy sector to other industry sectors from dollar
flows into energy units such as the British thermal unit ( 7, 8). In this
format the direct energy inputs from, say, the oil sector to the agriculture
sector are specified in the input-output matrix. The interindustry flow
table may be converted into a coefficient table .- asur'ing th quantity of
input fro:m one sector required per unit of oUitpt:t for another sector. The
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coefficient matrix represents a model of the production process.
Important assumptions of the model include fixed technology and zero
price elasticity since input proportions are assumed independent of relative
prices. Given these assumptions the model may be used to estimate the total
direct and indirect energy requirements necessary to produce a given level
of final demand.
The input-output approach is limited by the difficulties and time
delays in assembling the interindustry flow data, and by the apparent res-
trictiveness of the key assumptions. As noted, the most recent table cur-
rently available for the U.S. is based upon 1967 data. Recently, the
Department of Conmerce, the agency responsible for assembling and publishing
the interindustry accounts, has initiated a program to develop and publish
annual updates to the input-output table in order to provide more recent
information. As regards restrictiveness of assumptions, Hudson and Jorgenson
(9) have used econometric techniques to implement an interindustry energy
model for which the input-output coefficients are explicitly a function of
the relative prices of all inputs. These important developments will
significantly increase the utility of input-output analysis for energy
analysis.
Econometrics is concerned with the emipirical representation and vali-
dation of economic theories and laws. 2/ Econometric methods involve the
application of statistical techniques to estimate the structural parameters
of one or more equations derived from economic theory, and to test hypo-
theses concerning these parameters. The method appropriate to a particular
estimation problem ,ill depend upon the assumptions concerning tile statis-
tical properties of the rocess generatin the observed data.
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The principal method of econometrics is regression analysis. The
regression model combines the economic model derived from theory with a
statistical model of the process by which the observed data are assumed to
be generated. Statistical methods may be used to test hypotheses concern-
ing the assumptions of the statistical model, as well as hypotheses con-
cerning the economic model. Examples rwould include testing the hypothesis
that a particular parameter is not significantly different from zero, that
parameters in different equations of the model are not significantly differ-
ent, or that combinations of parameters are equal to some specific value.
Econometric methods are used in modeling two types of energy processes,
behavioral and technical processes. Behavioral processes are character-
ized by a decision making agent who is hypothesized to adjust behavior in
response to changes in variables outside his direct control. An example'
would be a household hypothesized to choose the distribution of its expen-
ditures between energy and other types of goods and services depending upon
its income and ealth and upon the relative prices of energy and the other
products, consistent wEith some household objective function.
Technical processes are characteizedi by purely technical relations.
An example would be the production function of a firm in which maximum
potential output is a function of the quantities of inputs available, say
capital, labor, energy; and other material inputs. Given a suitable function-
al form for this relationship and observations on capacity output and
associated inputs, econo;letric methods could be used to estimate the para-
meters of the function. Alternatively, the technical relation might be
used to derive behavioral relations concernina the firm's demand for input
factors given the otput level.
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Econometric and engineering/process methods are sometimes alternative
approaches to modeling technical processes. An example of the two approaches
to modeling the supply of electricity in the U.S. is provided by the work
of Griffin (13) and Baughman and Joskoiw (14), with Griffin using an econo-
metric approach while Baughman and Joskow employ an engineering/process
approach. Examination of these two models, to be reviewed in the next
section, is illustrative of tle contrasting characteristics of each approach.
The system dynamics approach (15) evolved from studies of specific
industry operations to global applications. It involves simultaneous linear
and nonlinear equations which are used to represent functional relationships
between parameters of interest in a problem. Both flow and stock variables
may be represented and feedback relationships may be taken into account.
The technique arose in the engineering field and is quite powerful. A
major difficulty in large scale models has been the development and
verification of the functional relationships used and of the interrelation-
ships and feedback mechanisms represented by the model structure.
The techniques of game theory (16) are receiving increased attention
in energy modeling, particularly where decisions to be modeled are made on
a basis other than optimization or market equilibrium. This methodology
has promise for modeling some aspects of international trade of energy
resources, fuels, and energy intensive products. Game theory deals with
the quantification of the outcomes of interactions between two or more play-
ers where each player has options that can affect the outcome. The selec-
tion of a best strategy, given uncertainty regarding the strategy that ill
be used by another, includes consideration of the relative payoffs and risk
aversion of the players.
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REVIEW OF ENERGY ODELS
This review includes a representative sample of models that have been
developed and applied to analysis of the energy system and to the develop-
ment of forecasts for planning purposes. The objective is to emphasize the
assumptions and methodologies of selected models rather than to provide an
exhaustive review of all models. The selection of models is somewhat arbi-
trary and does not imply any superior capabilities in comparison with other
models of tile same generic class that are not discussed.- /
The energy models are discussed in several groups according to their
scope, ranging from supply oriented models of a single fuel to models encom-
passing the overall energy system coupled to the economy. The four major
groups of models and forecasts that will be reviewed are:
-- Sectoral M1odeCls covering the supply or demand for specific
fuels or energy forms,
-- Industrv lMarket Miodels which include both supply and demand
relationships for individual or related fuels,
--. Energy System Models which encomp2ss supply and demand rela-
tionships for all energy sources,
-- Enerqv!-Econo.lc odels that model the relationships bet-ween
the energy system and the overall economy.
There is no unique categorization of energy models that can represeht
all of the important charact eristics. Our classification is interded to
highlight the scope of articular nodels. Within each of the above groUps,
both activity or naineering process oriented n-odels and econometric mlodels
are used extensi vely. l hese approaches are freIquenltly combined to capture
the strength!-s of the process technique in representing technical detail and
the ability of econometric milethods to represent aspects of behavior.
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Sectoral Models
Sectoral models are defined as relating to some specific energy pro-
cess or activity forming a part of a specific energy industry market.
Typically, models in this category focus upon either the supply or demand
side of the market. Process models are used most often for characterizing
energy supply and capacity expansion, while econometric mrlodels are used to
characterize demand.
Process oriented supply models have been developed and applied most
extensively to the analysis of oil refining and transportation operations.
The refining of crude oil involves a series of unit operations including
simple distillation, cracling of heavy molecules into lighter fractions by
a number of techniques, hydrogenation, and desulfurization. The yield of
lighter fractions such as naptha and gasoline can \ary from 30% to over 80%
depending on the process employed and on the characteristics of the crude.
Oil refineries are generally designed to handle a specific type of crude
oil; ho\wever, the demand for major oil products such as naptha for petro-
chemicals, gasoline motor fuel, light distillate fuel for turbines aid
heating, and residual oil for pow,,er generation, varies on a seasonal anci
shorter term basis.
The international- scope of the transportation and allocatiol of crude
oil and of refined products provides an important application for energy
modeling. The characteristics of crude oils vary by gravity (density) and
by the level of sulfur and other contamlinants they contain. The allocation
of this crude to thie appropriate refiner-ies and of the refined products to
storage and demand centers is optimized by many oil companies using the
linelar p..Cgram ing t- c' rio. Ai,'louch man o t'ese are prt'oi-etary, te
Energy Research Unit at Quee n i ary Ccile ge uncder te directi ion of Denm has
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published its model (68). This model is global in scope and includes 25
discrete geographical areas. 52 types of crude oil and 22 refining centers
are represented along ith 6 types of tankers that nmay be selected for
transport.
The model includes the following refinery rocesses and products:
Processes Products
1. Crude distillation unit 1. Liqid petroleum gas (LPG)
2. Vacuumn distillation unit 2. Motor spirits (gasoline)
3. Al kylat i on 3. Petrochemiical feedstocks
4. Catalytic reforming (naptha)
5. Desulfurization 4. Keroseine
6. Hydrocrack ing 5. Gas oil
7. Catalytic cracking 6. ,esidual fuel oil
8. Desulfurization 7. Bitumnen
9. Coking 8. Coke
10. LNG regasification
11. SiNG production
The linear programmling matrix for this model is quite large (about 35.30 ro;s
and 13,500 columnlis). The exogenous inputs to the mnodel include fture
demand for products by region, refinery technolocy, costs of product
refining, and trainsport of specific crudes and products. The model is
solved to determine the optimal allocation and roting of crude oil anod
prodcts between sources, refi neries, and demand c-ente rs at some future
target date. The requirements for nev., refneries, tankers, and prodction
facilities to satiSTfy the projected level and distributicn of dmri ds are
also determi;ned. Because the 5model includes the transport and refinin costs
for crude from specific sources, it provides a basis for analyzing the rela-
tive price of these crudes in a cmetii e mia-et or in a controlled mar--
ket where relative rices are set to reflect the cdifferce s in tr arsorta-
tion and refining costs atimong the mc-ny SCIrceS.
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Most sectoral econometric modeling efforts in the energy area have
focussed upon the demand for a single energy input in one particular use.
Such models are used principally to provide an analysis of the determinants
of demand and to forecast demand, given estimates of the variables exogenous
to the model, including price and other variables measuring the "market
size" for the energy inputs (population, GNP, income, and so on). These
models have been designed to focus on specific policy issues such as gaso-
line tax policy. Since they are of limited scope, they generally do not
have broad policy applicability.
Taylor (23) has recently surveyed and evaluated econometric models
of the short and long run demand for electricity in the residential and
commercial sectors. The models surveyed are classified according to regional
detail and the measure of electricity price used, and short and long run
prices and income elasticities are summarized. Taylor reviews the special
problems associated with modeling the demand for electricity. These include
the fact that such demands are derived demands depending upon the stock
and utilization rates of equipment, the characteristic of fluctuating utili-
zation rates for the equipment (peak demands), the effects of the regula-
tory process upon the pricing schedules. Taylor concludes that to varying
degrees imodeling efforts to date have not dealt adequately ith these prob-
lems, especially the problem of incorporating the appropriate price schedule.
Table 1 summarizes classification information and elasticities for the
models surveyed by Taylor and for other electricity demiand models published
since his' review was completed.
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Sweeney (35) has developed a model of the demand for gasoline designed
for use in support of analysis of conservation policies affecting auto-
mobiles. Gasoline consumption for any time period is a derived demand depend-
ing upon the total vehicle miles driven and the average miles-per-gallon
(mpg) for the fleet in operation during the period. The demand for vehicle
miles is estimated as a function of per capita real disposable income, the
unemployment rate and the cost per mile of automobile travel, including the
cost of gasoline and time costs (permitting introduction of speed limits).
The average mpg for the fleet is estimated by first predicting per capita
new car purchases as a function of lagged automobile purchases per capita,
per capita total vehicle miles, per capita real disposable income, and the
unemployment rate. A sales weighted average mpg of new cars is estimated
as a function of automobile efficiency, and the price of gasoline. The
mpg for the fleet is then estimated by forming a weighted harmonic mean
of the mpg estirmates for new cars and eacth vintage of old carsw shere the
weights are the shares of each vintage in the total vehicle miles demanded.
Other models of the demand for gasoline have becn developed by Lady
(36), Verleger (37), I!cGillivray (38), and lWindhorn, Buright, Enns, and
Kirl,;ood (39), and darms, Graham, and Griffin (40). The long and short
term price and inco!e elasticities for each of these models together swith
the ieasure of gasoline prices used and the te of data, is sunlmMr:ized in
Table 2.
Industry iart!eIt Vo"'el s
Energy idustr, mnarket models include process and econometric models,
as ;Ii as ite! t-ed procss/econo-:: etri c models, w.·hich characterize boLh
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the supply and demand for a specific or related set of energy products. Such
models are very useful, having applicability to all energy use categories,
although the greatest utility is in providing a consistent framework for
planning industry expansion and for studying the effects of regulatory policy
upon the industry. Much of the modeling ork in this area involves the
coupling of process and econometric techniques to exploit their strength in
representing, respectively, supply and demand relationships.
Adams and Griffin (41) combined a linear programming (LP) model of the
U.S. refining industry with econometric equations determining endogenously
the prices, quantities demand and inventory adjustments for the major petrol-
eum products. Exogenous inputs to the econometric-LP model are the refin-
ing process configurations, product quality specifications, factor input
prices (crude oil, etc.) economic activity, and the stocks of petroleum con-
suming equipment. In the first step, the requirements for the various
petroleum products are determined in the demand equations. Using these
requirements as output constraints, the solution to the LP model indicates
the volume of crude oil required, process capacity utilization, operating
costs, and outputs of by-products such as residual oil. In turn, capacity
utilization, inventory levels and crude oil prices determine the product
prices. The structure of the model indicating the relationship of the macro-
economic model with the linear program is shown in Figure 1. The linear
programming model has 227 equations and 334 variables. The combined econo-
metric-LP model was applied to a sample period, 1955-1968, and traced the
development of the industry over that period with good accuracy. No provis-
ion as made to reflect technological change in the LP production functions,
but statistically estimated adjustments were made to the crude oil inputs


























Mathematical programming has been used extensively in the analysis of
electric utility operations and expansion plans. The review by Anderson (17)
includes a description of over 50 models used in that industry. Methodo-
logies discussed in the Anderson review cover marginal analysis and simula-
tion and global models using dynamic progranming, linear programming, and
non-linear programming. In the electric utility optimization models, the
electric demands and prices of fuels and facilities are usually exogenous
inputs and the models are used to select the least cost investments to satis-
fy increased demands. The output generally includes specification of the
type of plants to be built (nuclear, coal, oil, hydro, gas turbine, etc.),
plant location for models that include regional definition, replacement, and
the scheduling of plants on a weekly and/or seasonal basis.
A systems dynamics model of the coal industry is under development by
Naill, Miller, and Meadows (42) to study the role of coal in the transition
of the U.S. energy system from oil and gas to renewable resources over the
period to the year 2100. The interrelationships in the coal production
sector between demand, investment, labor, and production are'modeled along
with the oil and gas sector and the electric sector. Time delays associated
with research and development, and plant construction, are included in the
synthetic fuels sector where liquid and gaseous fuels are produced from coal.
The demand for energy and the market shares of various fuels are determined
endogenously as a function of price, GNP, and population. These variables
are exogenous to this model, although in more comprehensive systems dynamics
models they are also determined endogenously.
MacAvoy and Pindyck (2) have developed an econometric policy simulation
model of the natural gas industry. The model has been used extensively to
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analyze the effect upon the industry of current and proposed federal regula-
tion of the wellhead price of gas, and of permissible rates of return for
pipeline companies purchasing and selling natural gas in interstate markets
(2, 43). The model focuses upon the supply of reserve additions and the
demand for gas by pipeline companies for sale in wholesale markets. The
supply of additions to gas reserves in any period is the sum of new reserves
discovered and extensions and additions to reserves. New reserves discovered
in a producing region are the product of wells drilled, the proportion of
successful wells and the average size of find. New discoveries of both oil
and gas are estimated, since in exploration and development activity oil and
gas are joint products.
An important feature of the MacAvoy-Pindyck model is that the drilling
projects initiated depend upon driller choices between the intensive and
extensive margin. The extensive margin refers to projects in new fields with
lower probabilities of success but higher expected size of find if the pro-
ject is successful. The intensive margin refers to projects in known fields
with higher probabilities of success and corresponding lower expected size
of find (since presumably the better projects will have been drilled first).
This choice is modeled as a function of economic costs, and a measure of the
risk averseness of the producer. The average success ratio for projects
initiated is a function of this drilling choice. The size of discovery
incorporates the effects of geological depletion by depending negatively
upon the number of previous successful wells in the region, since better
prospects are lively to be drilled first, and positively upon higher gas pri-
ces, since this shifts the producer's drilling portfolio toward the exten-
sive margin. The model also estimates changes in reserves due to extensions
and revisions, thereby providing a complete reserve accounting framework.
-24-
Production out of reserves depends upon the reserve base and the field
price. The marginal cost of production depends upon the reserve level rela-
tive to the production level. Lower reserve to production ratios imply
higher marginal costs, with the regulated price setting an upper bound upon
marginal cost and, therefore, possible production levels.
The demand by the industrial customer and for the residential and com-
mercial customers of the regail utilities depends upon the holesale price
of gas, the prices of alternative fuels, and such "market size" variables as
population, income and investment levels. The wholesale price of gas is a
function of the wellhead price and a pipeline markup which depends upon
operating and capital costs and the regulated profits of the pipeline com-
panies. The wholesale markets are also defined on a regional basis. The
flows of natural gas between producing and consuming regions is estimated
using a network model characterized by an input-output table of flow coef-
ficients between each of the producing and consuming regions. The difference
between the production flows and demand levels in the consuming regions is
a measure of the excess demand for natural gas in each region.
Griffin (13) has developed an econometric model of the supply and
demand for electricity. The model is estimated using national time series
data. Major variables determined by the model include the demand for elec-
tricity in the residential and the industrial and conmnercial sectors, nuclear
capacity expansion, distribution of generation requirements between nuclear,
oil, gas and coal, and the price of electricity. - Important exogenous
variables include various measures f market size such as population, real
disposable income, GNP, the price of oil, gas and coal, the GNP deflator,
total generating capacity, construction costs, and other operation costs.
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The model is simultaneous since the average price of electricity, a deter-
minant of demand, depends upon the generating mix. The model has been used
to conduct simulation studies of the impact upon demand and the generating
mix of alternative projections of relative fuel prices.
Baughman and Joskow (14) have developed an engineering-econometric
model of electricity supply and demand. The model combines an engineering
supply model with an econometric demand model, linking the two with an
explicit model of the regulatory process by \which the price of electricity
is determined. The supply model for electricity is regional, encompassing
the nine Census regions. Each region is assumed to have eight potential
plant types available, with a ninth type, hydroelectric, treated as exo-
genous. The plant types are
1. Gas turbines and internal combustion units,
2. Coal fired thermal,
3. Gas fired thermal,
4. Oil fired thermal,
5. Light water uranium reactors,
6. High temperature gas reactors,
7. Plutonium recycle reactors,
8. Liquid metal fast breeder reactors.
The model characterizes the decision process by which operation and
expansion of the electricity supply system takes place based upon cost mini-
mization techniques employed by the industry. The econometric demand model
is based upon a State classification of data. Demands for electricity,
natural gas, coal and oil are estimated for the residential and commercial
and the industrial sectors as functions of fuel prices and various market
size variables. 6/ The price of electricity is controlled by state regula-
tory agencies. Transmission and distribution requirements and costs are
estimated using an econometric approach. The procedure is to first estimate
requirements for five types of transmission and distribution equinment and
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then to estimate the maintenance and operating costs as a function of the
installed capacity for these five types of equipment. The Baughman-Joskow
model simulates the process by which electricity prices are determined
based upon calculations of the rate base derived from inputs from their
supply model and assumptions about the rate of return permitted by the regu-
latory agency, the rate of depreciation, and the effective tax rate.
The model takes as exogenous fuel and other operating costs, as well as
construction costs and plant operating characteristics. Electric power
supply industry is assumed to expand to meet expected demand based upon an
exponentially weighted moving average with time adjustment of recent actual
demands. This expected demand projection will, of course, differ from the
actual consumption in any given period. Adjustments in operating capacity
due to differences between projected and actual demand are assumed to take
place in future optimizing decisions. Generation requirements by plant
type are calculated using an estimate of the load duration curve (percentage
of time that load equals or exceeds a given output level), and a merit order
ranking of plant types by operating and fuel costs. Since the load duration
curve and merit order ranking are independent of the projected demand, the
fact that projected and actual demand may differ will not affect the order
in which capacity is utilized to meet actual demands.
Energy System Models
Analysis and modeling of the overall energy system, including supply
and demand sectors as well as all fuels and energy forms, was stimulated
largely by the need to develop forecasts of total energy demand. Much of
the initial work in this area involved the development of overall energy
balances for the U.S. in hich forecasts for individual fuels ere assembled.
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These forecasts highlighted many problems involving such factors as resource
definition and interfuel substitution that must be handled in a consistent
manner across all fuel types and sectors and led to increased modeling of
the entire energy system.
One of the first systematic attempts to account for all energy flows
in a consistent manner was that of Barnett (44). Barnett's approach involves
obtaining a national energy balance of energy supplies and demands by
type. The emphasis was on quantity flows expressed in physical units and a
common unit, Btu's. This approach has been extended and refined by Morrison
and Readling (45), and by DuPree and West (47). As an accounting approach,
the energy balance system focuses attention upon a complete accounting of
energy flows from original supply sources through conversion processes to
end-use demands. The approach accounts for intermediate consumption of
energy during conversion processes as well as efficiencies at various points
in the energy supply system.
The energy balance methodology has been employed in forecasting studies
in the following way. Independent estimates of demand by each of the major
end-use sectors for each of the detailed energy types are developed by relat-
ing demand to aggregate economic activity and trends in energy consumption.
Independent estimates of supply of major energy types are developed and com-
pared with the demand estimates. Differences are resolved, usually in a
judmental way, by assuming that one energy type is available to fill any gap
that may exist between supply and demand. This energy type is usually
assumed to be imported petroleum, including crude oil and refined petroleum
products. The DuPree-lWest (47) study provides an excellent example of the
execution of a forecast em,,loying this m-thodoo!oc..
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The National Petroleum Council (NPC) also employs the energy balance
approach in developing forecasts of expected energy consumption. The NPC
models (48, 49) employ econometric techniques in forecasting energy demands,
and engineering and judgment models in forecasting supplies. However, the
forecasts from the models are substantially modified by judgmental infor-
mation provided from the various working groups of the NPC. The energy
balance framework is used to ensure the consistency of the various compon-
ent forecasts. An important feature of the NPC approach is that it permits
incorporation of subjective, specialized industry information into an energy
balance framework, and thus provides an important source of industry expec-
tations about future energy markets.
The process type energy system models, encompassing all alternative
fuels and energy sources, frequently employ network analysis in order to
represent technical detail and to capture the interfuel substitution possi-
bilities. The network is used to represent the spatial or interregional
flows of energy as well as the alternative processes and fuels that may be
used in specific demand sectors. This representation of the energy system
may be augmented with optimization or simulation techniques or used simply
as a framework to exhibit information and options.
The model developed by Baughman (50) for studies of interfuel compe-
tition uses systems dynamics to simulate the flow of resources (coal, oil,
natural gas, nuclear) to the various demand sectors (residential and commer-
cial, industrial, transportation, and electricity). The model has been
applied at the national level but might also be formulated at the regional
level. The model includes representation of the economic cost structure of
the energy system along with investment decisions and physical constraints
-29-
on the supply of coal, oil, natural gas, and nuclear fuels. Demands are
developed in two components, a base demand that is not sensitive to price,
and a market sensitive demand which includes incremental and replacement
demands. The model is used to simulate interfuel competition and to deve-
lop the quantities and prices of fuels and energy sources that are used over
time as demands and the availability and cost of resources change. The
model has been used to develop projections of oil and gas use as relative
prices change and is being extended to address regional analyses.
The Reference Energy System approach was developed by Hoffman (51) and
applied to the assessment of new energy technologies and policies. This is
a network description of the energy system in which the technical, economic,
and environmental characteristics of all processes involved in the supply
and utilization of resource and fuels are identified. All steps in the
supply chain, including the extraction, refining, conversion, storage, trans-
mission, and distribution activities are included along with the utilizing
device (combustor, air conditioner, internal combustion engine, etc.). A
Reference Energy System representing a detailed projection to the year 1985
is shown in Figure 2. Each link in the network corresponds to a physical
process and is characterized by a conversion efficiency, capital and operat-
ing cost, and emissions of air and water pollutants per unit of energy
input. The system is used to evaluate the role of new technologies and the
possibilities of interfuel substitution. Substitution is heavily dependent
on the characteristics of utilizing devices and these devices are represented
in the network for all functional end uses such as space heating, air con-
ditioning, and automotive transport. The resource, economic, and environ-
mental impacts of new energy technologies are determined by inserting them
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into the reference system at appropriate levels and efficiency, and recal-
culating the energy flows, cost, and emissions.
The Reference Energy System is supported by an Energy Model Data
Base (53) which includes data elements for some 600 supply processes and
200 functional end uses. Both simulation and optimization models may be
used to develop and quantify the Reference Energy System.
Cazalet (54) of Stanford Research Institute developed a network model
of the U.S. energy system which is solved by a successive approximation
algorithm using decomposition techniques. The model does not use an expli-
cit optimization approach but looks for market equilibrium between energy
supplies and demands using the marginal cost of resources and cost of supply
and conversion technologies as the basis for energy prices. The network
includes 30 supply regions, 8 demand regions, and covers 17 time periods of
varying length with a time horizon to 2025. The demand sectors are defined
on a functional basis as in the Reference Energy System. The input para-
meters include supply and demand curves for all regions where the quantities
of fuels that would be forthcoming are specified as a function of price.
The characteristics of conversion and delivery technologies are represented
in the model and interregional transportation costs are identified. The
important output information provided by. the model includes regional prices
for fuel by region and time period, resource production levels, interregional
flows, and demands for fuels. The model has been applied by Gulf Oil to
the analysis of synthetic fuel strategies; specifically, an analysis of
the coal gasification option in the Powder River Basin of Montana and
Wyoming. The model is also being used for the Council on Environ!nental
Quality for the analysis of Western energy resource economics.
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Debanne (55) has developed a network model of North American energy
supply and distribution system. It accounts for physical interregional
flows where the nodes in the network may represent oil, gas, coal, hydro,
and nuclear conversion centers. The arcs represent pipelines and other
appropriate transport facilities. The model determines optimal locations
and expansion of capacity to satisfy increased regional demands. The model
takes interfuel substitution into account and includes the interactions of
price with supply and demand.
A number of linear programming models, similar to those employed for
optimization of the generating mix in the electric sector, have been developed
for the analysis of the complete energy system including both the electric
and the non-electric sectors. The Brookhaven Energy System Optimization
Model (BESOM) (56, 57) developed by Hoffman and Cherniavsky was designed to
determine the optimal allocation of resources and conversion technologies
to end uses in the format of the Reference Energy System. This model focuses
on the technical structure of the energy system including the conversion
efficiencies and environmental effects of supply and utilizing technologies.
It is currently applied at the national level. The model may also be for-
mulated for regional or interregional analysis. A wide range of interfuel
substitutability is incorporated in the model and the load-duration structure
of electrical demands may be expressed. The model is quantified for a future
point in time. The energy sources compete in the optimization process to
serve specific functional demands such as space heat, petrochemicals, and
automotive transport. The energy demands to be satisfied, and the constraints
on specific energy sources and environmental effects, are specified exogen-
ously. These may be input as either fixed or price sensitive constraints.
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scarce or finite resources when they run out. This backstop technology has
been taken to be the nuclear breeder reactor producing electricity and
hydrogen for electric and non-electric demands, respectively. The cost
and efficiencies of all resources and technologies are reflected in the
model along with demand and resource constraints. This model has been used
to study the optimal allocation of scarce resources over time and, speci-
fically, to evaluate current fuel production costs and the scarcity cost
premium associated Kwith the requirement that a more costly energy form must
be substituted at some future time for any scarce resources that are used
at an earlier date.
The Manne model (59) is formulated as a single region model. To focus
on the resource exhaustion problem, there are only two energy demand sec-
tors, electric and non-electric. Coal is viewed as a source of both elec-
tric energy and also synthetic fuels. Several nuclear reactor options are
represented, including the light water reactor, the high temperature gas
cooled reactor (HTR) and the fast breeder reactor. The fuel cycles for
these systems are coupled and the high temperature reactor is viewed as a
source of process heat, e.g., for therrmochemical hydrogen. This model is
also time phased covering the period 1970 to 2030 in three-year time steps.
It has been applied to determine the benefits of the fast breeder reactor
as a source of electricity and of bred nuclear fuel for the high temperature
gas cooled reactor iwhich in turn is used to produce hydrogen as a substitute
for scarce oil and gas resources. The benefits of this technology were
evaluated under various assumptions regarding the availability of petroleum
imports and of.dotmestic sources. An example of the output from the model is
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The energy sources provided in the model include a number of alternative cen-
tral station electric systems, general purpose fuels delivered directly to
the consumer, and special systems such as solar energy and decentralized
electric generators. The optimization may be performed with respect to
dollar cost, social cost, environmental effects, resource consumption, or
some combination of these factors.
The model has been applied to study the optimal implementation mode for
new energy technologies, breakeven costs for new technologies, and strate-
gies of interfuel substitution to conserve scarce resources.
A time-phased linear programming version of the BESO1 model has been
assembled by rlarcuse & Bodin (57). This incorporates the same technical
detail and constraints but treats plant expansion and capital requirements
in an explicit manner. The inputs necessary to drive the model include
energy demand requirements in each future time period, initial plant capa-
city (existing capital stock) and maximum permissible growth rate for each
conversion process, maximum permissible growth for the extraction and supply
of each energy resource, and a discount rate. Solution of the model deter-
mines resource usage, activity level of each conversion process, and new
capital facility requirements in each time period. It has been applied to
cost-benefit analysis of new energy technologies and to the determination of
the optimal use of scarce resources over time.
Time-phased linear programming models have also been developed by
Nordhaus (58) and Manne (59). The Nordhaus model covers 5 regions of the
world, 9 time periods, and includes all major competing resources. A back-
stop technology is introduced which provides a long-term substitute of pos-
sibly higher cost but almost infinite availability that can be used to replace
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satisfy the demands for nonelectric end uses. These end uses are specified
either as exogenous or as price-responsive. Similar curves are generated
for the fuel mix in the electric sector.
Integrated Energy Economic Models
There is increasing research activity in the coupling of energy system
models with models of the overall economy such as macroeconomic and input-
output models. Many of the sectoral and energy system models discussed pre-
viously require that the energy demands be specified exogenously as input
parameters. Of course, such demands must be related to trends in society
(households, transportation pattern, etc.) and the economy (population, GNP,
industrial production, and so on). This requirement has led to the extensive
use of regression analysis and other macroeconomic modeling techniques in
order to generate demand levels and other inputs to the process oriented
models. Such coupling is relatively straightforward, however, and the major
research activity in combined models is more fundamental in nature. The
coupled energy-economic models reviewed here involve those that are used
for analysis of the role of energy as a driving force and constraint on eco-
nomic development. They involve a more integral relationship between the
energy sector and the economy. In particular, the recognition that the cost
and availability of natural resources has significant near and long-term,
implications for the economy has stimulated this modeling activity.
The process oriented energy-economic odeling has emphasized the use
of input-output techniques. Herendeen (7) developed energy coefficients in
physical units for coal, crude oil and gas extraction, refined oil, elec-
tricity, and gas sales in the 367 sector input-output mnatrix of the Bureau
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of Economic Analysis. The direct energy coefficients represent the Btu
inputs per dollar of total output of each sector of the economy. This model
is operational at the University of Illinois and has been used to analyze
the energy inputs, both direct and indirect, to different products and
activities.
Just (60) has developed a two-period dynamic 104 sector input-output
model. In this model technological coefficients were developed for new
energy technologies, providing for analysis of the expansion required in
specific industries to support the implementation and expansion of new
technologies such as coal gasification plants and gas turbine cycles.
Input-output analyses of the type developed for energy studies provide
the basis for energy accounting. Many calculations have been performed of
the energy inputs to capital projects, including the construction of nuclear
power plants, shale oil facilities, and solar systems to determine how long
the facilities must operate to return the energy invested in their con-
struction. There are many approaches to such calculations and the basic
problem involves the definition of the boundaries on the energy inputs to
be considered. It is clearly valid to account for the energy required to
produce the physical inputs such as steel and concrete, as well as the energy
required to fabricate the materials into components and install them. It is
less clear that the accounting should include the energy used in everyday
activities at home by those who work on such projects although some analyses
include this as an input.
The fixed nature of technological coefficients in the input-outpiut
matrix raises some proble- r. using this methodology for future oriented
studies. The fuel requir :nts corresponding to a projected GP do not
necessarily correspond C,itih the quantities that may be available at that
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future time. Some interfuel substitution will take place in response to such
limitations on specific fuels and provision must be made to revise the
technological coefficients accordingly. A combined energy system input-output
model (61) was developed by Brookhaven National Laboratory and the Univer-
sity of Illinois' Center for Advanced Computation to resolve this problem.
This model combines the University of Illinois input-output model (62) with
the Brookhaven Energy System Optimization Model (BESOM) (52, 56). Constraints may
be placed on the availability of fuels and resources in BESOM, and the
required fuel substitutions are determined. Coefficients in the input-
output model are revised to reflect the new fuel mix and the input-output
model is again solved with the revised mix. Several iterations are required
between the two models in order to get a solution in which the energy demands
and fuel mix are consistent in the two models.
Hudson & Jorgenson (9) have developed a macroeconomic energy model pro-
viding a new and innovative integration of traditional techniques of econo-
metrics and input-output analysis. The model consists of a macroeconometric
growth model of the U.S. economy integrated with an interindustry energy
model. The growth model consists of submodels of the household and produc-
ing sectors with the government and foreign sectors taken to be exogenous,
and determines the levels and distribution of output valued in constant and
current dollars. The model determines the demand for consumption and invest-
ment goods, the supplies of capital and labor necessary to produce this level
of output, and the equilibrium relative prices of goods and factors. The
model is dynamic, having links between investment and changes in capital
stock, and between capital service prices and changes in investment good
prices.
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The macroeconometric growth model is linked to an interindustry energy
model by estimates of demand for consumption and investment goods, and the
relative prices of capital and labor. The Hudson & Jorgenson interindus-
try model is based upon a nine sector classification of U.S. industrial
activity. The sectors are:
Energy
1. Coal Mining






7. Manufacturing (excluding Petroleum Refining)
8. Transportation
9. Communications, Trade & Services
Production submodels are developed for each sector. These submodels
treat as exogenous the prices of capital and labor services determined in the
growth model and of competitive imports, and for each sector determine
simultaneously the sector output prices and the input-output coefficients.
Making the input-output coefficients endogenous is unique to.this model and
represents an important advance for input-output analysis.
The sector output prices are used, together with the demand for
consumption goods from the growth model, as inputs to a model of consumer
behavior which determines the distribution of total consumer demand to the
9 producing sectors. The distribution of investment, government and foreign,
demand is determined exogenously, and completes the final demand portion of
the model. Given final demands, the input-output coefficients may be used
to determine the industry production levels required to support a given
level and distribution of real demand.
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The Hudson & Jorgenson model has been used to forecast long-term
developments in energy markets within the framework of a consistent
forecast of macroeconomic and interindustry activity. The model has also
been used to analyze the impact upon energy demands of alternative tax
policies, including a uniform Btu tax, a uniform energy sales tax, and a
sales tax on petroleum products (63).
The Federal Energy Administration (FEA) has developed an integrated
econometric/process model to assist in analyzing alternative strategies
for achieving energy independence (3). The FEA model, the Project Indepen-
dence Evaluation System (PIES) is summarized in Figure 47/
There are four basic input submodels to PIES including a macroeconomic
model, an industrial production model, an annual demand model, and a supply
model for oil and gas production. Associated input data includes estimates
of coal production at alternative prices, and a major data base of resource
input requirements per unit of activity output. The macroeconomic and
industrial production models generate estimates of the level and distribution
of real output in the economy as inputs to an econometric energy demand
model. The demand model is a dynamic econometric model which forecasts
demands for 47 primary and derived energy products conditional upon
assumed energy prices, industrial activity levels, the level and distri-
bution of real output, and certain energy consumption technology data.
The model distinguishes the demand for fossil fuels between fuel and power
uses in each of three major consuming sectors (residential, industrial and
transportation) and industrial raw material uses. The model disaggre-
gates the national forecasts to the census region level of detail by means
of regional energy prices and various neasules of regional "market size",
such as population, GNP, and industrial output levels 8/
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The Oil and Gas Supply Model is an adaptation of a process engineer-
ing model developed by the National Petroleum Council. The model estimates
additions to reserves and production levels for 12 supply regions, given
assumptions about crude oil prices, regional drilling programs, required
rate of return on investment, the expected success ratio per foot drilled,
and the projected reserve/production rate.
The heart of the PIES is the integrating model, a linear programming
(LP) model which, given estimates of regional demands, prices and elas-
ticities, regional supply schedules, and resource input requirements, cal-
culates an energy market equilibrium. The relation between the demand
model and the LP submodel which incorporates the supply schedules and con-
version processes may be summarized as follows: the demand model is used
to calculate a price-quantity coordinate on the demand curve for each of
the primary and derived energy products in the system. Associated with each
of these coordinates are measures of the sensitivity of the quantities
demanded to small changes in each of the prices in the demand model (own and
cross price elasticities). In the first iteration of the integrating model
an LP problem is solved in which the minimum cost schedule of production,
distribution, and transportation necessary to satisfy the given demand
levels is calculated. Associated with the calculated supply quantities
are implicit prices. If these supply prices differ from the original
demand prices, then the solution is unstable and a new problem must be
structured and solved. The procedure is to calculate new demand prices,
equal to one-half the difference between the last iteration's supply and
demand price, use the own and cross price elasticities to calculate the new
demand quantities, and finally to solve a new LP problem for the new pro-
duction, distribution, transportation schedules, and supply prices. This
process is continued until the demand and supply prices are equal, at which
point the energy market is assumed to be in equilibrium.
The outputs of the integrating model are then used as inputs to certain
"interpretive" models including a macroeconomic model, an environmental
assessment model, and an international assessment model. In addition, the
integrating model outputs are analyzed to determine if potential limitations
exist upon the availability of the necessary resource inputs.
Another type of energy-economic, or energy-societal, modeling work
involves global modeling of the type described in Limits to Growth (65).
The energy sector is not described in sufficient detail in that model to
warrant discussion in this review. Efforts are in progress to develop more
detailed models of the energy system that may be embedded in global models.
The most significant global model in which this has been done is that of
Mesarovich and Pestel (66). This model encompasses energy, resources,
economics, the environment, and population. The energy sub-models consist
of an energy resource model, a demand model, and an energy supply model.
The resource model includes statistical information on energy resources
allowing for the uncertainty of the resource and the feasibility of recovery.
It also incorporates a simulation of the production of the resources. The
demand model describes the demand for energy as a function of GNP and the
supply model links these demands to resources. The supply nodel covers 13
primary and 7 secondary energy forms along with 27 conversion processes in
a simulation framework.
Footnotes
1. Input-output analysis originated with Leontief for which he was recently
awarded the Nobel prize. See (68) for the original development and (69)
for a recent compendium of research in input-output analysis.
2. There are many excellent econometrics textbooks, including (10, 11).
An advanced treatment is given in (12).
3. Several general reviews of energy models have been completed and others
are underway. Anderson (17) surveyed mathematical programming
approaches to analysis of the electric sector and Decision Sciences,
Inc. (18) conducted a survey of energy models under a contract with
the Council on Environmental Policy. Broad surveys of energy system
models are now underway at the International Institute of Applied
Systems Analysis in Laxenburg, Austria (19). Several major conferences
have been held on energy modeling and the proceedings (20, 21, 22) of
these conferences include detailed descriptions of a variety of energy
models. Taylor (23) has completed a review and evaluation of demand
models for electricity.
4. Table 1 is based upon Taylor (23), Table 4, with the additional entries
for Griffin (13), Baughman & Joskow (34, 24), and FEA (3).
5. The income and price elasticities for the Griffin model are presented
in Tabl 1.
6. The income and price elasticities for the Baughman & Joskow model are
presented in Table 1. The model for the residential and commercial
sector is described in Baughman & Joskow (34), while the industrial
sector model is discussed in Baughman & Zerhoot (67).
7. This description of PIES draws heavily on the review of the Project
Independence Report prepared by the IT Energy Policy Study Group for
the National Science Foundation (64).
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